Abstract-This paper describes a new ranging technique using optical signals. The proposed technique is called LT-PAM (Long-Term
the market [8] . To measure the distance using the chirp modulation technique, a continuous frequency bandwidth is needed to conduct frequency sweeps between its minimal and maximum frequencies. Thus, instantaneous measurements using chirp modulation are difficult. For example, according to our own investigation on [8] , it takes around 0.2 s to complete the transmission of one chirp signal. Therefore, it may not be suitable for conducting ranging measurements in some situations, such as identifying the distance to a rapidly moving target at a certain moment.
In this paper, we propose a new ranging technique called LT-PAM (Long-Term Phase Accordance Method). LT-PAM was extended from PAM (Phase Accordance Method), [9] which was previously proposed by the authors' group. In PAM, only one burst signal, called a sync pattern composed of two sinusoidal waves with different frequencies, is used for ranging. Like PAM, LT-PAM also uses only two sinusoidal waves, but transmits multiple sync patterns that need a longer measurement time. By adjusting the measurement time, we can achieve a required level of ranging accuracy in an easy manner.
The paper is organized as follows: In Section II, we briefly describe the PAM and LT-PAM algorithms, and their differences with the chirp modulation technique. In Section III, we report experiments using collimated and diffused light. We also evaluate the performance of LT-PAM by changing the frequency difference between the sinusoidal waves. Issues related to possible improvements for more accurate and stable ranging are discussed in Section IV. Section V presents the conclusion of the paper and future work.
II. LT-PAM: THE LONG-TERM PHASE ACCORDANCE METHOD

A . PAM: THE PHASE ACCORDANCE METHOD
Before describing LT-PAM, we present an overview of PAM, which is the core part of LT-PAM. (2) In this equation, time T is the integration interval of a rectangular window as shown in Figure   1 (b) and the angular frequency  is called the reference angular frequency. When the reference angular frequency is 1  , we can acquire the real and imaginary parts of 
where (6) and (7) show that the ranging accuracy of PAM depends on an SNR (
), which is related to features of the light sources (intensity, collimated/diffused, etc.), the distance between the light source and the target, measurement environments (noisy or noiseless), etc. Figure 2 shows the theoretical standard deviation calculated using equation (7) by changing the SNRs of received signals. Equations (6) and (7) also indicate that increasing the measurement time T improves the ranging accuracy.
This investigation on the theoretical model led us to develop LT-PAM by controlling T . In our current implementation of LT-PAM, concatenated multiple sync patterns are transmitted from a light source as shown in Figure 3 . The measurement time T is set as the integration interval of a rectangular window for quadrature detection in the same manner as PAM. Unlike PAM, the multiple sync patterns are included in this window by changing the measurement time. When the
is assumed to be proportional to 1 T . Thus, if we set the measurement time to be n times longer, we can expect a n times improvement in the standard deviation of distance measurements. The measurement time T can be flexibly adjusted based on the requirements or purposes of applications, for example, the required update rate of ranging. . Although LT-PAM uses multiple sync patterns that need a longer measurement time, the duration of the multiple sync patterns can be set to be sufficiently short. For example, concatenating 10,000 sync patterns, each of which lasts 100 ns, becomes a 1 ms signal. It is still a short signal compared with a chirp signal implemented in [8] . Another advantage of LT-PAM is that its ranging system configuration is less complicated, which reduces its development cost.
This is because LT-PAM does not have to transmit and receive signals whose frequencies change continuously, which is required in chirp modulation techniques. By using a laser diode as the collimated light, we can transmit sync patterns with higher SNR, which improves the ranging performance. In contrast, LED as diffused light shows a relatively lower SNR, and thus its ranging performance is worse than that of the laser diode. However, as LED is safer for the eyes and is becoming a popular illumination device, its performance as a ranging device using the proposed method should be investigated to explore new and easy-todeploy applications.
The experimental setup is shown in Figure 5 . In Experiment 1, a laser diode (Opnext, Inc.
HL6501MG, l =658 nm) was used as a transmitter. Sync patterns generated by two function A burst sync pattern lasting 100 ns was generated using two amplitude modulated signals with frequencies of 90 and 100 MHz. The SNRs of the sync pattern received with the SiAPD and SiPIN were 21.8 dB and 21.3 dB, respectively. The measurement time T was set to 50 ns (a half duration of one sync pattern) by adjusting the window size (Figure 1(b) ).
The distance between the transmitter and the receiver units was set to 500, 1000 and 1500 mm. In each setting, the ranging measurement was conducted 500 times. To eliminate offset errors due to electronic delay introduced by cables and electronic circuits, the average value in the 500 mm distance measurement was used for calibration and set to zero. 2) LT-PAM measurement: In the experiments using LT-PAM, the measurement time was set to 100 m s and 1,000 concatenated sync patterns, each of which was the same as in the PAM measurement. The distance between the transmitter and the receiver unit was set to 500, 1000 and 1500 mm, and the measurement results for the 500 mm distance were used for calibration, which was also the same setting as in the PAM measurement. Figure 6 shows the waveform of a signal transmitted from the laser diode and received by the SiAPD. Due to its high SNR, the waveform retained its shape (see Figure 3) . Table 3 and 4 show the average errors and standard deviations obtained through 400 measurements in each distance setting using the SiAPD and SiPIN, respectively.
The results were much improved in comparison with those obtained using PAM. In the case of the SiAPD, the standard deviations of the 500 mm distance measurement using LT-PAM and PAM were 3.12 and 139 mm, respectively, which means that by using LT-PAM a 44.6 times improvement was achieved. As the measurement time of LT-PAM was 2000 times longer than that of PAM, an improvement of 44.7 ( 2000 = ) times was theoretically possible. Thus, the ranging results using LT-PAM achieved the theoretical upper limit almost perfectly. SiAPD. Unlike the signal from the laser diode as shown in Figure 6 , the received waveform in Figure 7 did not explicitly retain its original shape because of the lower SNR. Table 5 shows the ranging results using the LED. As compared with the results in Experiment 1, the average errors and standard deviations in the distance measurements worsened. However, we could confirm that the experimental results were consistent with the performance theoretically predicted through equation (7). The standard deviations obtained by the measurements were close to the theoretical values in Table 5 . The standard deviations of the 500, 1000 and 1500 mm distance measurements were 5.21, 12.7 and 19.5 mm, respectively. Thus, we could confirm that the improvement observed with LT-PAM overall followed its theoretical model.
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The experiments indicated that the ranging results using LED seemed acceptable for a certain class of applications, for example, indoor localization using trilateration with considerably high update rates (100--200 Hz). However, investigations on the validity of the theoretical model by changing the other parameters will help the design of a ranging system using LT-PAM. If the equation is confirmed to be valid and give reliable performance prediction for different parameters, it is possible, for instance, to estimate what needs to be the frequency difference between two sinusoidal waves ( 1 2 f f -) to Masanori Sugimoto, Shigeki Nakamura, Yuki Inoue and Hiromichi Hashizume, LT-PAM: A Ranging Method Using Dual Frequency Optical Signals achieve the required ranging performance. Thus, we conducted experiments by varying the frequency differences between two waves from 10 MHz to 500 MHz as shown in Table 6 . The distance between the transmitter and the receiver units was set to 500 mm. Then, the calibrated standard deviation at each frequency difference was plotted as an 'x' mark in Figure 8 .
The solid line means the ranging performance predicted by equation (7). This figure indicates that the experimental results and the theoretically calculated performance show the same trend:
the larger the frequency difference, the smaller the standard deviation of the ranging results.
However, it was also confirmed that gaps between the experimental results and the theoretically predicted performance became larger with increasing frequency difference. This seemed related to the frequency characteristics of the transmitter and receiver worsening at higher frequency domains. The calibrated standard deviations were confirmed to more closely follow the theoretical estimation given by equation (7) . The best performance achieved in this experiment was the 0.29 mm standard deviation obtained using 300 and 800 MHz sinusoidal waves (SNR:
17.5 dB). The experimental results proved that LT-PAM worked properly and showed the ranging performance almost expected from its theoretical model (equations (6) and (7)). However, to achieve more precise measurement, we need to detect the sources of error. There are several candidates for the errors, such as the thermal noise generated at the transmitter or receiver, or the deformation of cables connecting individual equipment devices during the measurement, etc.
As for the theoretical model, we assumed that the noise was distributed constantly in the whole frequency range, which was not true in real environments. Figure 9 shows the signal One limitation of LT-PAM is its ranging ambiguity. Because of the periodicity of sync patterns (e.g., 100 ns when generated by 90 and 100 MHz sinusoidal waves), the ranging ambiguity occurs every 100 ns, which corresponds to every 30 m; this is inconvenient for long-distance measurements. There is a trade-off between the periodicity and ranging ambiguity: if a shorter sync pattern is generated to reduce measurement time, the ranging ambiguity increases. One idea for alleviating this problem would be to use more than two sinusoidal waves. reduce the ambiguity at every 400 ns, which corresponds to every 120 m. We will confirm the feasibility of this idea in our future work.
 Real-time ranging
In our current implementation, we conducted high-sampling A/D conversion (1.25 Gsps), which needs a long processing time. Achieving real-time ranging by reducing the sampling rate and retaining the accuracy level is also included in our plans for future work.
V. CONCLUSION AND FUTURE WORK
In this paper, we proposed a new ranging technique called LT-PAM, which was extended from PAM previously developed by the authors' group. We also discussed the differences between the proposed method and chirp modulation techniques. Through the experiments of LT-PAM using collimated and diffused light, we confirmed that it could achieve moderate levels of accuracy within a sufficiently short measurement time. Comparisons with the theoretical model of LT-PAM confirmed that it worked properly and showed the ranging performance to be almost as predicted. In addition to the improvement of the proposed ranging technique, we plan to explore possibilities for innovative applications and develop them using LT-PAM.
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